Prions are a class of proposed proteinaceous infectious agents that cause neurodegenerative diseases known as transmissible spongiform encephalopathies (TSEs). They include Creutzfeldt-Jakob disease (CJD) and kuru in humans, scrapie in sheep and goats, bovine spongiform encephalopathy in cattle, and chronic wasting disease in wild cervids. A hallmark of TSEs is the accumulation in nervous and other tissues of PrPsc, a misfolded form of the cellular glycoprotein PrPc (for reviews, see references 14 and 43) . There is ample experimental evidence that the conversion of PrPc into PrPsc plays a pivotal role in both the prion replication process and induced neurodegenerative disorders. PrPsc production can be monitored by the detection of PrP species resistant to proteolytic digestion (PrPres) and is the sole marker specific to prion infection available to date. It has been firmly established from in vivo and cell culture experiments that expression of PrPc is indispensable, albeit not sufficient, for the infection to proceed (8, 11, 16, 46) .
Infectious forms of TSE can be experimentally transmitted through oral absorption or peripheral inoculation, and such entryways are assumed to be operative in naturally occurring diseases (for a review, see reference 60). How the causative agent is conveyed from peripheral entry sites to its targets within the central nervous system (CNS) is a major issue that remains incompletely elucidated. There is now good evidence that the lymphoreticular system (LRS) and the peripheral nervous system (PNS) may both play a crucial role in this process (8, 20, 30, 31, 35, 38, 44) . Spleen and gut lymphoid tissues are early sites of prion accumulation or replication in peripherally infected rodents and naturally infected sheep. Prion accumulation in the spleen and development of CNS disease are clearly impaired in mice with various immunodeficiencies. However, several observations argue for an LRS-independent spread of prions. Indeed, neuroinvasion following peripheral infection requires PrP expression in a sessile compartment that cannot be reconstituted by bone marrow adoptive transfer (8) . Conversely, neuroinvasion can take place in mice that do not express PrP in the LRS (44) . Direct transport along peripheral nerves was first suggested from intranerval inoculation experiments in mice (29) . Spatiotemporal analyses of pathological PrP accumulation in orally inoculated hamsters have involved both the sympathetic and parasympathetic systems, with the earliest sites of PrP deposition being PNS ganglia and CNS areas neuroanatomically connected to the vagus or splanchnic nerves (7, 41) . The pattern of PrP deposition in subclinically, naturally TSE-infected sheep and mule deer was reported to be consistent with spreading along the same pathways (53, 56) . A transgenetic approach in mice identified sympathetic nervous fibers innervating lymphoid tissues as a potentially ratelimiting component for prion neuroinvasion (22) . Sciatic nerve infection of hamsters (5) and of PrP-overexpressing mice (21) as well as intralingual inoculation of hamsters (4) led to an efficient CNS neuroinvasion despite a late infection of LRS and provided further support for a retrograde transport of the infectivity within the PNS.
While a variety of cell types, including follicular dendritic cells and B lymphocytes, have already been implicated in prion expansion within the LRS (for a review, see reference 38), the identification of the PNS cells involved in prion spreading has not made much progress. Not without reason, the neurons are regarded as prime candidates for such a role, and prions are commonly assumed to be transported through an axonal pathway (4, 21, 41) . However, as pointed out by some investigators, a possible implication of glial cells, in particular of myelinforming Schwann cells, should also be considered (1, 18, 22, 23, 34) .
As an approach to better identify PNS cells able to sustain prion propagation, we have generated cell clones from dorsal root ganglia of transgenic mice expressing ovine PrP (tgOv) (58) and examined their permissiveness to infection by natural sheep scrapie agent. Here we show that two independent clones with features of Schwann cells are highly permissive to prion infection. We also provide evidence that peripheral neuroglial cells from scrapie agent-infected tgOv mice and sheep accumulate PrPsc, thus further arguing that prion spread within the PNS compartment may involve cellular players other than neurons.
MATERIALS AND METHODS
Transgenic mice. The transgenic animals used to derive stable mouse cell clones expressing ovine PrP were obtained by crossing the following two parental lines: the tg301 ϩ/Ϫ line, which expresses the Val136-Arg154-Gln171 high-susceptibility allele of ovine PrP from a bacterial artificial chromosome construct (125 kb) under an endogenous PrP-null background (tgOv) (58) , and a line which carries a transgene specifying the simian virus 40 (SV40) T antigen (Tag) under control of the vimentin promoter (52) , which was introduced on the same mouse PrP-null background (PrP 0/0 mouse Zürich I) (11) . DRG primary cultures and stable cell clones. Mouse dorsal root ganglia (DRG) and fragments of adjacent peripheral nerves were collected all along the spinal cord and incubated with collagenase (2,500 U/ml; Sigma) for 30 min at 37°C prior to gentle mechanical dissociation (37) . Dissociated cells resuspended in feeding medium (see below) were subjected to a 4-h preplating step on poly-DL-ornithine-coated six-well plate dishes, so as to deplete the culture in fast adherent cells such as fibroblasts. Preplated cells were cultured in poly-DLornithine-coated wells with Dulbecco's minimal essential medium and F-12 (3:1) plus 10% fetal calf serum as a feeding medium. They were expanded for one or two subpassages by 1:3 splitting at ϳ10 days postseeding. Stable cell clones were derived through low-density plating of DRG cultures from 6-week-old transgenic mice expressing SV40 Tag (see above). Established cell clones were propagated in noncoated plates with a weekly 1:10 splitting.
Immunofluorescence analysis for PrPc and cell markers. To detect PrPc and the SV40 Tag, cells were fixed for 10 min in phosphate-buffered saline (PBS) containing 4% paraformaldehyde plus 4% sucrose, permeabilized for 4 min with 0.2% Triton X-100, incubated with 4F2 antibody for PrPc or anti-SV40 Tag antibody (BD Biosciences), and then incubated with anti-mouse immunoglobulin G (IgG) fluorescein isothiocyanate antibodies. Immunocharacterization of the cell clones was performed with markers for S100 (Dako, Glostrup, Denmark), p75-NGFR (mouse IgG1 monoclonal anti-human antibody, 1:200; Sigma), GFAP (polyclonal rabbit anti-cow antibody, 1:100; Dako), and GalC (mouse IgG3 hybridoma) (48) . For immunolabeling, cell monolayers were fixed for 10 min in 2% paraformaldehyde and rinsed three times with PBS. The cells were then incubated with primary antibodies for 30 min at room temperature, rinsed, and incubated with the respective secondary antibodies. The preparations were analyzed with the DMRD Leica fluorescent microscope. Data for each marker are the averages Ϯ standard errors of the means of a minimum of 1,500 cell counts and are expressed as percentages of the total population labeled with Hoechst 33342 (5 g/ml; Sigma).
Sheep scrapie agent. The 127 strain was used as the main source of infectious agent. This strain was obtained by propagation in tgOv mice of a natural sheep scrapie isolate supplied by the Veterinary Laboratory Agency (Weybridge, United Kingdom), as already described (58) . Infectious inocula were prepared by using terminally diseased mouse brain homogenized in 5% glucose (10% wt/vol). The infectious titer of the brain material used was determined through end limit dilution in the tg301 ϩ/Ϫ line by the Kärber method. In a few experiments (data not shown), infection was realized by using an inoculum prepared from the original sheep brain.
Infection of cell cultures. Confluent cultures established in 12-well plates were allowed to incubate with 1 ml of culture medium containing 2.5% (wt/vol) of infectious brain homogenate for 4 days, unless stated otherwise. After removal of the inoculum, the cultures were rinsed with PBS and then allowed to recover for 24 to 48 h in fresh medium prior to trypsinization and seeding in two 25-cm 2 flasks (passage p1). Subsequently, the cultures were passaged once per week with a 1:10 splitting.
Western blotting. Cell cultures at confluence were lysed in 0.5% sodium deoxycholate, 0.5% Triton X-100, and 50 mM Tris-HCl (10 min at 4°C). The lysates were clarified and stored at Ϫ20°C. Samples to be analyzed for PrPc were methanol precipitated. For PrPres analysis (57), lysates were treated for 30 min at 37°C with proteinase K (PK) (2 g of PK/500 g of protein) and then 4 mM Pefabloc was added. Sedimentable material was collected by centrifugation at 13,000 rpm (Eppendorf centrifuge) for 20 min at room temperature, resuspended in denaturing buffer containing 2-mercaptoethanol, and analyzed by sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and immunoblotting. PrP signals were revealed by using biotinylated 2D6 antibody (49) , unless stated otherwise, and an enhanced chemiluminescence detection system (Amersham Pharmacia).
Cell blotting. A previously described procedure (9) was used, with only slight modifications, for cell blotting. The main steps comprised (i) transfer of cell monolayers grown on coverslips onto nitrocellulose membranes soaked in lysis buffer (0.5% deoxycholate, 0.5% Triton X-100, 150 mM NaCl, and Tris-HCl [pH 7.5]), (ii) incubation for 1 h at 37°C in lysis buffer plus 20 g of PK/ml, (iii) brief denaturation with 3 M guanidine thiocyanate in 10 mM Tris HCl (pH 8.0), and (iv) blocking of the blot and PrP detection with 8G8 antibody (33) at 1/3,000 and an enhanced chemiluminescence system.
In situ detection of PrPsc in cultured cells. The following two different previously described techniques were used: (i) immunoperoxidase detection applied to trypsinized, paraffin-embedded cells (57) and (ii) immunofluorescence detection applied to fixed cell monolayers permeabilized with 0.5% Triton X-100 and then treated with 3 M guanidine-HCl (54) .
Mouse bioassay. The infectivity associated with MovS cell-infected cultures was assayed in tgOv mice. For preparation of cell extracts, cells scraped into PBS were pelleted and then resuspended in sterile 5% glucose solution. The samples were freeze-thawed and sonicated before intracerebral inoculation (20 l). Cultures in duplicate were used to determine the number of inoculated cells. A clinical survey of diseased animals and brain PrPres analysis were performed as described previously (58) .
Cell grafting experiment. Dissociated, uninfected MovS6 cells (p14) were counted, pelleted into medium without serum, and inoculated (3 ϫ 10 6 cells/ mouse in 20 l) into the brains of scrapie-diseased tgOv mice. No immunosuppressive treatment was applied to the recipient animals, since Mov cells were derived from the same mouse line. At 4 days or a few minutes postinoculation, mice were sacrificed and their brains were dissociated to get primary cultures by using the same method as described above for DRG cultures but without a preplating step. Cultures issued from grafted brains presented fast-growing colonies, which were scraped 5 days postplating, individually subcultured for 1 week, and then tested for the presence of PrPres and SV40 Tag. Primary cultures from control, nongrafted diseased brains showed sparse cells and developed very slowly.
PrPsc immunodetection in DRG. DRG from intraperitoneally inoculated tgOv mice and ewes naturally affected with scrapie were isolated and formalin fixed before being paraffin embedded. PrPsc immunolabeling and double labeling for GFAP and PrPsc were performed as previously described (2) with 8G8 antibody (1/2,000) and a polyclonal rabbit antiserum (1/2,000; Dako) for PrPsc and GFAP detection, respectively. For mouse tissues in which PrPc is overexpressed, a PK treatment (5 g/ml in TBS, 10 min at 37°C) was performed prior to immunohistochemistry. Nonspecific immunolabeling was checked by performing serum controls in which the primary antibody was either omitted or replaced with normal rabbit or purified IgG2a. DRG from mock-infected mice and scrapie-free sheep were used as negative controls.
RESULTS
Nonneuronal cell clones derived from DRG are readily infectible by scrapie agent. Stable cell clones were established from DRG of 6-week-old mice, with glial cell-enriched primary cultures as starting material. Ovine PrPc-expressing mice (58) crossed with mice expressing SV40 Tag were used as donor animals (52) (see Materials and Methods). While cultures lacking the Tag oncogene ceased proliferating by ϳ6 passages, the cultures so obtained divided rather actively, making it feasible to isolate stable clonal cell populations. Seven cell clones were derived from two ovine PrP-expressing donors, and two clones were derived from one donor expressing no PrP (listed in VOL. 78, 2004 SHEEP PRIONS INFECT SCHWANN-LIKE CELLS 483 Table 1 ). All of the clones carrying the tgOv transgene expressed PrP, as established by immunoblotting analysis ( Fig. 1 and data not shown). While showing a similar distribution of the major PrPc glycoforms with predominant diglycosylated species, the different clones differed in their levels of expression. The clones 2D2 (MovS2) and 6H5 (MovS6) expressed six-and eightfold more than the clones 2H12 and 2A4, which expressed PrP at physiological levels (compared to primary glial cell cultures from wild-type mice). The individual expression levels were found to be remarkably stable upon subpassaging (data not shown). Following exposure to the scrapie inoculum, immunoblotting analysis revealed the early appearance (Յ3 subpassages) of PK-resistant material (PrPres) in most of the PrP-expressing clones, including the low expressing clone 2H12 ( Table 1 ). The dynamics of accumulation upon subpassaging differed among the clones, without obvious correlation with their respective PrPc expression levels (e.g., PrPres detection in the highest expresser clones 6A5 and 6B4 was consistently delayed compared to that in other clones) ( Fig. 1 and Table 1 ). As already noted in earlier studies (12, 57) , the PK-resistant species were shorter in size than in the inoculum (see Fig. 5, lanes 1 to 3) . Moreover, no PrPres could be detected in the PrP 0/0 clones and in the morphologically distinct clone 2A4, ruling out any contribution of residual inoculum to the PrPres signal in PrPcexpressing cultures.
As indicated in Table 1 , the infectible clones fell into two categories according to cell morphology. Part of them exhibited a bi-or tripolar spindle shape, closely resembling that described for cultured Schwann cells (10, 15) . The others were comprised of cells that were more fusiform in shape. Because two initially Schwann-like clones (2G8 and 9F10) subsequently acquired a fusiform shape, the latter phenotype may have resulted from a stabilization under a less differentiated state.
Schwann cell markers are expressed in prion-infectible, nonneuronal cell clones. Altogether, these findings provided evidence that prion infection can initiate in cultured, nonneuronal PNS-derived cells. Two cell clones representative of either above-mentioned phenotype, MovS2 and MovS6 (Table  1) , were retained for further characterization. Immunofluorescence was performed with antibodies directed to relevant Schwann cell markers (27) such as p75-NGFR and GFAP for the nonmyelinating phenotype and GalC for the promyelinating phenotype to determine Schwann cell identity. As shown in Fig. 2 , MovS2 did not express p75-NGFR or GFAP; however, a minor population expressed the promyelinating marker GalC (10% Ϯ 1%). MovS6 stained for p75-NGFR (85% Ϯ 1%), GFAP (15% Ϯ 10%), and GalC (15% Ϯ 1%). Staining with antibodies against Thy-1.2, a fibroblast marker, was not found in either S2 or S6 cultures. These data indicated that cells of the MovS6 clone have more characteristics of Schwann cells than those of the MovS2 clone.
MovS cells sustain an efficient and stable propagation of sheep scrapie infectious agent. Figure 3 shows the kinetics of PrPres accumulation in MovS6 cells following exposure to the scrapie inoculum. Typically, PrPres was detected from the first passage on, and reached a plateau at four or five passages postinfection (p.i.). MovS2 cultures led to similar observations in terms of PrPres level and accumulation rate (data not shown). Infection of MovS2 and MovS6 cells was fairly reproducible, as nearly all the experiments carried out so far turned out to be successful (22 of 23 and 6 of 6, respectively). Subcloning (9, 45) was found to not be required for maintaining the infected state. Strikingly, one persistently infected MovS2 cell culture was propagated for more than 100 passages and still accumulated PrPres in large amounts (data not shown).
In situ detection was performed to evaluate the proportion of PrP-converting cells in steady-state infected cultures. Figure  4 shows the accumulation of PrP observed in paraffin-embedded and PK-treated (Fig. 4, top) or guanidine-treated (Fig. 4 , bottom) MovS2 cultures. Both approaches revealed that PrP conversion involved most cells, i.e., 60 to 90%, respectively. Similar results were obtained for MovS6 cells (data not shown). Notwithstanding the marked accumulation seen in many cells, no obvious adverse effect could be observed in long-term-infected cultures.
Cell-associated infectivity in MovS cultures was determined by bioassay in tgOv mice (Table 2) . A 100% attack rate was observed in the mice inoculated with cell extracts from steady- (Fig. 5) . MovS cultures were highly infectious, as 1 ϫ 10 6 to 3 ϫ 10 6 cells killed inoculated mice even faster than 2 mg of diseased tgOv mice brain (58), thus indicating an infectivity level of Ն6 log 50% infective dose (ID 50 ) U in the inoculated cell extracts (see Materials and Methods). Mov cells can be infected at a low MOI or by grafting in infected brain. The susceptibility of these cells to scrapie infection was further investigated through two kinds of experiments. First, Mov cultures were inoculated with serial dilutions of scrapie inoculum and PrP conversion was monitored for up to 5 subpassages p.i. As shown in Fig. 6A , PrPres-positive MovS6 cultures could be observed following exposure to a 125-ng equivalent of a tgOv brain pool titrating at ϳ10 9 ID 50 U/g (two independent experiments), meaning that as few as ϳ2 ϫ 10 Ϫ4 ID 50 U per cell is sufficient to initiate the infection. An ϳ5-fold-higher multiplicity of infection (MOI) was required to infect MovS2 cells (data not shown).
Second, uninfected MovS2 cells were inoculated into the brain of infected tgOv mice at the onset of the disease, where they were allowed to reside for 4 days before isolation and expansion in culture. Such cultures comprised a majority of Tag-positive cells (data not shown), consistent with the high proliferative rate of Mov cells versus adult brain primary cells. A cell blot analysis revealed the accumulation of PrPres in these cultures, whereas parallel cultures derived from an infected brain inoculated with Mov cells just prior to explantation remained PrPres negative (Fig. 6B) . From this result, it was concluded that a significant proportion of Mov cells had been successfully infected in vivo.
Peripheral glial cells from scrapie agent-infected mice and sheep do accumulate abnormal PrP. To see whether infection of neuroglial cells would naturally occur in the tgOv mouse model, DRG were collected from intraperitoneally infected d Expressing no PrP (clone 9G9) ( Table 1) .
FIG. 2. Expression of Schwann cell markers in MovS cells. Immunohistochemical characterization of MovS6 (A, C, and E) and MovS2 cells (B, D, and F). p75-NGFR (A and B) is expressed by MovS6 cells but not MovS2 cells. GalC (C and D) is expressed by a minority of cells in both clones. GFAP (E and F) is not expressed by
phologically distinct types of glial cells: (i) satellite glial cells, which have an intimate contact with neurons (Fig. 8A) , and (ii) Schwann cells ensheathing axons (Fig. 8B) . The PrPsc distribution on sections was heterogeneous, with a percentage of positive glial cells and of neurons varying from 1 to 30% and 10 to 40%, respectively. Although PrPsc-positive satellite cells adjacent to negative neurons were observed (Fig. 8A) , most PrPsc-positive satellite cells were surrounding positive neurons. No labeling was observed in mock-infected DRG sections (Fig. 8C) . In DRG from naturally scrapie-affected sheep, PrPsc accumulation was identified in neurons (Fig. 8E) and in Schwann cells ensheathing axons. PrPsc-GFAP double labeling clearly demonstrated abnormal prion protein accumulation in both satellite glial cells (Fig. 8D ) and in isolated, interstitial Schwann cells (Fig. 8F) .
DISCUSSION
A new cell system highly permissive to infection by sheep prion. Most of the currently available TSE cell culture systems, which include N2A, PC12, and GT1 (45, 50, 51) , consist of established rodent cell lines found to be permissive to rodentadapted prions. In an effort to establish cell systems that would enable an ex vivo propagation of prions naturally infecting humans and animals, we have explored several strategies based on the genetic engineering of various cell types for expression of ovine PrP (36) . This led us to develop the Rov system, consisting of rabbit cells that inducibly express the VRQ allele of ovine PrP and are highly and stably susceptible to sheep scrapie agent (57) .
In the present study, we demonstrate that mouse PNS-derived glial cells expressing ovine PrP can also sustain an active propagation of sheep prion, thus leading to the introduction of a novel permissive system called Mov. The starting observation was that cell clones derived from DRG of triple transgenic mice expressing PrP VRQ and immortalizing SV40 Tag under a mouse PrP-null background were easy to establish and readily infectible by exposure to scrapie inoculum. Two lines found to exhibit features of Schwann cells, MovS2 and MovS6, were studied in more detail. Actually, very few cell lines of this type have been described (10, 59) , reflecting the fact that Schwann cells in mouse species do not tend to immortalize spontaneously, in contrast to what has been reported for rat species (39) .
Several lines of evidence indicate that efficient prion multiplication can take place in MovS2 or MovS6 cell lines. First, exposure to the scrapie inoculum led to an early and strong accumulation of PK-resistant PrP, which involved a majority of cells in steady-state infected cultures. Second, such cultures were highly infectious and produced up to 2 ID 50 U/cell, as assessed by bioassay in tgOv mice. Upon reinoculation to mice, the PrPres resumed its original banding pattern in mouse brain, consistent with our finding that ex vivo propagation of this strain does not alter its biological phenotype (unpublished data). This observation further underlines the fact that the cell context in which prion replication takes place may affect not only the glycoform ratio but also the size of the PrPsc or PrPres species produced (12) . Third, MovS cells could be infected by grafting into the brains of clinically affected mice and by exposure to low doses of the inoculum. Interestingly, the PrPres accumulation in such cultures was delayed but eventually reached levels similar to those in higher-MOI-exposed cultures. This may suggest that the PrPres-producing cells in- creased in number during subcultivation. All together, our data point to the view that neuroglial cells may easily enter an infected state but also ensure cell-to-cell propagation of the infectious agent. Additional studies are being performed to address the issue of whether cell-to-cell spreading does actually take place and, if so, whether adjacent (28) or distant cells are primarily involved. MovS cultures consist of very actively dividing cells that can be maintained in a persistent, long-term infected state without the need for subcloning (9, 45) . Thus, both postmitotic cells, such as neurons and follicular dendritic cells, regarded as primary targets for prion replication, and highly proliferative cells may efficiently replicate prions. During the course of this study, the MSC-80 mouse Schwann cell line was reported to sustain replication of the Chandler mouse-adapted strain (18) . The original cell line can display a well differentiated phenotype and produce myelin when associated with axons in vivo (10). Although the PrPc expression level was similar to that of N2a cells, infected MSC-80 cultures were found to accumulate PrPres in markedly smaller amounts (18) . A titer of ϳ10 4 ID 50 U/g of cell extract was determined by bioassays in tga20 mice, indicative of a relatively low efficiency of replication. For comparison, a titer of Ն10 8 ID 50 /g was calculated for MovS cultures on the basis of 10 9 cells/g of extract.
The above-mentioned characteristics make the PNS-derived glial cells an attractive TSE cell system which could be exploited for the propagation of prions affecting species other than sheep, for which permissive cell systems are still lacking. The Schwann-like stable cell clones derived from PrP 0/0 mice established during this study could be of interest in this regard. Whether these MS 0/0 cells can be genetically engineered to express various PrP constructs, thus providing a versatile ex vivo system for studies on prion infection, is currently being examined. An alternative strategy would consist of deriving MS-like cell clones from transgenic animals that express human or bovine PrP.
Schwann cells as players in TSE infection. The observation that, in this and another study (18) , cultured PNS neuroglial cells were able to sustain active prion replication further questions their possible involvement in TSE peripheral pathogenesis. The rate of infectivity spreading in peripheral nerves was estimated to be around 1 mm/day (21), i.e., roughly similar to that determined in the spinal cord (4, 6) . However, at the cellular level, the mode of transport of prions within the PNS remains most obscure. While established mechanisms of axonal transport, either active (fast) or passive were considered at first (4, 29, 41) , an alternative process of prion propagation has progressively emerged, involving a domino-like effect via a PrPc-paved cell chain (1, 8, 21, 34) . Hence, it is not unreasonable to speculate that Schwann cells may be an integral part of such a chain. Recently, Schwann cells in the mouse sciatic nerve were reported to express PrPc, as well as green fluorescent protein, from a transgene under the control of PrP natural regulatory sequences (18) . In a detailed study also performed on mice, weak, most frequently negative PrPc immunostaining was found on satellite cells while axon-associated Schwann cells were often strongly positive (19) . Intriguingly, Schwann cells associated with unlabeled axons were similarly immunonegative. In this work, PrPc expression was found to be a general feature of glia-like cell clones. The MSC-80 Schwann cells, derived from wild-type mice, were also shown to express PrPc at the cell surface (18) . Thus, although information regarding PrPc expression in peripheral glial cells in vivo remains rather scarce to date, it seems likely that natural regulatory sequences can promote the expression of PrPc in peripheral neuroglial cells.
There is, however, only limited evidence to date that peripheral glial cells can actually be infected in vivo. A general outcome of immunohistological analyses focused on the PNS is that direct observation of PrP deposition is infrequent and often restricted to terminally affected individuals. In a detailed study performed on orally infected hamsters, only scant deposition along a few axons of autonomous nerves was visualized (41) . PrPres accumulation has been detected by Western blotting on the sciatic nerves of terminally diseased hamsters (5) and neuron-specific enolase promoter transgenic mice (44) , but no immunohistological data are available. There are only scattered observations indicative of an infection of glial cells in the PNS compartment. Immunolabeling for pathological PrP has been mentioned to involve satellite cells in DRG of experimentally infected hamsters (40) and sheep (23) , enteric ganglia of naturally infected sheep (26) and deer (53) , and trigeminal ganglia of CJD-affected patients (24) . In addition, an adaxonal pattern of PrP deposition was described for nerve fibers adjacent to ganglia from infected sheep (23) and humans (25) , suggestive of an involvement of myelin-forming Schwann cells.
Our present data provide more evidence arguing for infection of peripheral neuroglial cells by sheep scrapie agent in vivo. Satellite and Schwann cells with intracellular PrPres staining were observed within DRG removed from peripherally scrapie agent-infected tgOv mice. Consistent with these immunohistological data, glial cell-enriched, primary cultures established from the same tissue were found to contain infected cells. Extending these investigations to natural scrapie, we found clear evidence for PrP deposition in DRG GFAPpositive glial cells from diseased sheep. This result would also suggest that the ability to infect PNS glial cells is merely a feature of the scrapie agent rather than of a strain since the natural case isolate exhibited a quite distinct phenotype from that of the cell-cultured strain when transmitted to tgOv mice (58) .
In conclusion, this study provided clear evidence that prions, like other pathogens that target peripheral nerves, such as herpes simplex virus (55) , Mycobacterium leprae (47) , and Trypanosoma cruzi (13) , can replicate actively in PNS glial cells. The role of these cells in the pathogenesis of TSE infections deserves closer investigation in several respects. Neuroglial cells appear to be potential reservoirs of infectivity in peripheral tissues such as ganglia, nerves, gut, and muscles. Whether or not infection of such cells may play a significant role in the peripheral transport of prions is still an open issue that now has to be challenged in vivo, including through transgenetic approaches. Finally, the question arises as to whether infection of PNS glial cells might be damaging in itself. Although PNS is usually not involved in neurodegenerative changes in prion diseases, demyelinating peripheral neuropathy has been observed in sporadic or familial cases of Creutzfeldt-Jakob disease (references 3, 17, 32, and 42 and references therein). One logical approach toward the development of a prophylactic intervention against TSE in humans would be to eliminate the movement of prions through the PNS. A deeper understanding, at the cellular level, of the mode of spreading of prions in this compartment would certainly represent an important step toward this goal.
